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Calcineurin-Mediated LTD of GABAergic Inhibition
Underlies the Increased Excitability
of CA1 Neurons Associated with LTP
in the postsynaptic cell. This phenomenon is called the
EPSP to spike coupling (E±S coupling) component of
LTP (Bliss and Lynch, 1988; Linden, 1999). Under some
circumstances the probability of firing an action poten-
tial in postsynaptic neurons is increased without there
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that these two components of LTP can be dissociatedToronto, M5S 1A8
Canada (Bliss and Lomo, 1973; Abraham et al., 1985; Taube and
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a combined genetic and pharmacological approach, we
find that the E±S coupling component of LTP involves
a reduction in the evoked inhibition mediated by theSummary
GABA receptor (Bliss and Gardner-Medwin, 1973; Ya-
mamoto and Chujo, 1978; Haas and Rose, 1982; GriffithCoincident pre- and postsynaptic activity generates
et al., 1986; Abraham et al., 1987; Chavez-Noriega etlong-term potentiation (LTP), a possible cellular model
al., 1989). Thus, LTP in the excitatory synapse is paral-of learning and memory. LTP has two components: (1)
leled by long-term depression (LTD) in the inhibitoryan increase in the excitatory postsynaptic potential
synapse. Since the GABAA receptor can be regulated via(EPSP), and (2) an increase in the ability of the EPSP
calcineurin (protein phosphatase 2B) (Chen and Wong,to generate a spike (E±S coupling of LTP). We have
1995; Jones and Westbrook, 1997), we next exploredused pharmacological and genetic approaches to ad-
whether activation of calcineurin is responsible for thedress the molecular nature of E±S coupling in CA1
LTD of inhibition. We find that calcineurin activated bypyramidal neurons. Blockade of the Ca21-sensitive
the NMDA receptor induces an LTD of the IPSP, andphosphatase, calcineurin, prevents induction of E±S
this LTD is both necessary and sufficient for the long-coupling without interfering with LTP of the EPSP.
lasting increase in enhanced excitability manifest in theCalcineurin produces its effect on E±S coupling by
E±S coupling.inducing a long-lasting depression (LTD) of the GABAA-
mediated inhibitory postsynaptic potentials (IPSPs).
This LTD of the IPSP was prevented by blockade of Results
NMDA receptors. Thus, the tetanus that elicits NMDA-
dependent LTP mediates a coordinately regulated Blockade of Calcineurin Blocks the Induction
double function. It produces LTP of the EPSP and, of the E±S Coupling Component of LTP
concomitantly, LTD of the IPSP that leads to enhance- We obtained whole-cell patch, current clamp configura-
ment of E±S coupling. tions from CA1 pyramidal cells and recorded a diphasic
excitatory±inhibitory synaptic potential upon stimula-
tion of the Schaffer collateral pathway: an a-amino-3-Introduction
hydroxy-5-methylisoxazolepropionic acid (AMPA) recep-
tor±mediated fast EPSP followed by a g-aminobutyricMost studies of neuronal plasticity have focused on
acid (GABA) receptor±mediated inhibitory postsynapticchanges in the synapse itself (Bliss and Collingridge,
potential (IPSP). We monitored simultaneously the ex-1993; Nicoll and Malenka, 1995), even though it is quite
tracellular responses in the CA1 cell somatic layer (pop-clear that some components of plasticity are reflected
ulation spike) and in stratum radiatum (field EPSPsin nonsynaptic changes and involve alterations in the
[fEPSPs]). The experimental arrangement is schema-excitability of the neuron (Andersen et al., 1980; Klein
tized in Figure 1A.et al., 1986; Bliss and Lynch, 1988; Linden, 1999). Such
Tetanic field stimulation of this input that producednonsynaptic changes in neuronal excitability are also
LTP also caused a prolonged increase in E±S coupling.evident in long-term potentiation (LTP). Thus, the coinci-
To determine whether calcineurin was necessary for thedent activity in pre- and postsynaptic neurons produced
induction of the E±S coupling component of LTP, weby the tetanus leads not only to a change in synaptic
made use of the immunosuppressive drug FK506, whichstrength, as measured by the increased excitatory post-
blocks calcineurin activity (MacKintosh and MacKin-synaptic potential (EPSP), but it also produces a change
tosh, 1992). Rapamycin, which binds to the calcineurinin the ability of the EPSP to discharge an action potential
anchoring protein FKBP-12 but does not inhibit the en-
zymatic activity of calcineurin (Hashimoto et al., 1990),³To whom correspondence should be addressed (e-mail: erk5@
served as the control. During bath application of rapa-columbia.edu).
mycin, tetanic stimulation caused a long-lasting in-§ Present address: Institute of Cell Biology, HPM D24, ETH Hoeng-
gerberg 8093-Zurich, Switzerland. crease in the number of the spike-containing EPSP/IPSP
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Figure 2. Blocking Calcineurin Prevented the Leftward Shift of the
E±S Curve and the Reduction of E50Figure 1. Blocking Calcineurin Prevented a Long-Lasting Increase
The plot of the E±S curve from the representative recordings beforein the Probability of Neuronal Firing
(closed circles) and 30 min after tetanus (open circles) with rapa-(A) Schematic diagram represented the arrangement of the re-
mycin (A) or FK506 (B). The inserts are the averages of three fEPSPscording and the stimulus electrodes in area CA1.
paired to the averages of three population spikes taken at the points(B and C) The traces are the averages of three sweeps of spike-free
indicated by the letters below the x axis. The summarized valuesEPSP/IPSP sequence (top left) and the truncated spike-containing
of E50 before (open bars) and 30 min after tetanus (closed bars) inEPSP/IPSP (bottom left) before (0) and 20 min after (1) tetanus with
experiments with rapamycin (A) or with FK605 (B) are shown in therapamycin (B) or with FK506 (C). The normalized EPSP slope, firing
histograms.probability, and IPSP amplitude before (open bars) and 20 min after
tetanus (closed bars) with rapamycin (B) (n 5 9) or with FK506 (C)
(n 5 10) is shown in the histograms.
In this and the following figures, data are normalized to 20 min Cyclosporin A (250 mM in 1% ethanol and 0.5% Tween
baseline value (defined as 1). Error bars are 6 SEM. Asterisks indi- 80), a selective calcineurin inhibitor which binds to an
cate a value significantly different from the baseline (p , 0.01, Stu-
independent protein site (Hashimoto et al., 1990), alsodent's t test).
prevented the tetanus-induced leftward shift of the E±S
curve. The E50, 30 min after tetanic stimulation, was 0.59 6
0.07 (mean 6 SEM, n 5 7, p . 0.1, compared to thesequences: the average normalized firing probability 20
min after tetanus was 3.88 6 0.26 of the baseline (mean 6 baseline; Table 1), which was significantly different from
controls treated only with the vehicle Tween 80 (0.26 6SEM, n 5 9; Figure 1B). The simultaneously recorded
E±S curve was greatly shifted to the left 30 min after 0.04, n 5 6, p , 0.01, compared to cyclosporin A). Intra-
cellular application of calcineurin autoinhibitory peptidetetanus. The E50 value was reduced from the baseline
(0.56 6 0.07, mean 6 SEM, n 5 9) to 0.29 6 0.06 (mean 6 (CN412, 200 mM) into the postsynaptic neuron, which
blocked calcineurin function (Cohen, 1989), also de-SEM, n 5 9; Figure 2A). In contrast, bath application of
100 mM FK506 blocked the increase in the single-cell creased the cell firing probability to 0.96 6 0.14 of the
baseline (mean 6 SEM, n 5 11; Figure 3A). However,firing probability (1.03 6 0.13 of baseline, mean 6 SEM,
n 5 10, p , 0.01; Figure 1C) and the reduction of the tetanic stimulation did produce a leftward shift of the
E±S curve. Thus, CN412 prevented an increase in firingE50 value (0.53 6 0.05, mean 6 SEM, n 5 10; Figure 2B).
To determine whether this drug was truly affecting the probability in cells in which it was applied intracellularly,
but not in neighboring cells. With administration ofexcitability of the postsynaptic cell, we administered 0.5
mM FK506 intracellularly, by perfusing the patch elec- FK506, cyclosporin A, or CN412, LTP of the EPSP slope
was not different from that of the respective controls.trode into the postsynaptic neurons. This also prevented
an increase in the firing probability (Table 1). These findings are consistent with other reports showing
Calcineurin Mediates E±S Coupling
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Table 1. Calcineurin-Mediated E±S Coupling Was Dependent of NMDA Receptor Activation but Was Independent of Changes in EPSP
Single-Cell EPSP/IPSP Measurement
(Normalized to the Baseline) E±S Curve Measurement (E50)
Treatment Firing Probability EPSP Slope IPSP Amplitude Before Tetanus After Tetanus
Group 1 rapamycin (5) 4.16 6 0.64 1.57 6 0.16 0.63 6 0.11 0.63 6 0.09 0.31 6 0.06
FK506 (6) 1.09 6 0.19* 1.48 6 0.12 0.98 6 0.15* 0.58 6 0.10 0.29 6 0.09
Group 2 control (6) 3.96 6 0.24 1.49 6 0.11 0.69 6 0.10 0.61 6 0.07 0.28 6 0.03
cyclosporin (7) 1.01 6 0.12* 1.63 6 0.17 1.03 6 0.16* 0.56 6 0.04 0.54 6 0.03*
Group 3 control (6) 3.91 6 0.54 1.44 6 0.19 0.66 6 0.15 0.61 6 0.09 0.35 6 0.04
genistein (7) 4.09 6 0.16 1.02 6 0.08* 0.69 6 0.13 0.57 6 0.13 0.32 6 0.06
Group 4 control (6) 4.22 6 0.54 1.43 6 0.19 0.64 6 0.13 0.57 6 0.17 0.29 6 0.07
AP5 (7) 1.09 6 0.13* 0.97 6 0.13* 1.06 6 0.14* 0.59 6 0.09 0.62 6 0.11*
The firing probability was calculated as the ratio of the spike-containing EPSP/IPSP sequences to the spike-free EPSP/IPSP sequences per
20 min recording. The data from EPSP/IPSP sequences after tetanus were normalized to the 20 min baseline value (defined as 1). Values
represent the mean 6 SEM. Asterisks indicate a value significantly different from the control (p , 0.01, Student's t test). The number in
parentheses indicates the number of recordings. FK506 or rapamycin was intracellularly applied into the postsynaptic neurons, and the other
chemicals were applied extracellularly.
that blocking calcineurin had no effect on the synaptic Genetic Overexpression of Calcineurin Occludes
the E±S Coupling Component of LTPcomponent of LTP (Mulkey et al., 1994; Hodgkiss and
Kelly, 1995; Winder et al., 1998; but see Lu et al., 1996). To determine whether an increase in calcineurin activity
affects the E±S coupling component of LTP, we madeIn addition, bath application of 100 mM FK506 for 20
min immediately after tetanus did not affect the estab- use of transgenic mutant mice (CN98 mutant mice), in
which the enzymatic activity of calcineurin was in-lished E±S potentiation (data not shown), indicating that
creased by z70% in the hippocampus (Mansuy et al.,FK506 does not act on the maintenance of the E±S
1998; Winder et al., 1998). We constructed the E±S curvecoupling. Thus, calcineurin was specifically required for
in CN98 mice and compared the E50 values. In CN98the induction of the E±S coupling component of LTP.
wild-type controls, the E50 before tetanic stimulation was
0.59 6 0.05 (mean 6 SEM, n 5 7 animals), whereas in
Blocking Phosphatase 1/2A Has No Effect on CN98 mutants the E50 was 0.42 6 0.04 (mean 6 SEM,
the Induction of the Population Spike LTP n 5 8 animals, p , 0.01; Figure 4B). Thus, an increased
To determine whether the effects of blocking calcineurin enzymatic activity of calcineurin was sufficient to en-
were specific, we studied the consequences of blocking hance neuronal excitability.
other protein phosphatases (PPS) on the E±S coupling If endogenous calcineurin participates in the induction
component. Toward this end, we used okadaic acid, a of the E±S coupling component of LTP following tetanic
potent, cell-permeable inhibitor of PP1 and PP2A (Co- stimulation, then the E±S coupling component of LTP
hen, 1989), which blocks LTD (Mulkey et al., 1994; O'Dell should be occluded by the increased excitability, which
and Kandel, 1994). During bath application of okadaic occurred in CN98 mutant mice. We thus compared the
acid (1 mM in 0.1% DMSO), the enhanced population E50 values 30 min after a weak tetanic (50 Hz) stimulation
spike was 4.18 6 0.51 (mean 6 SEM, n 5 5) of the in wild-type and mutant mice (Figures 4B and 4C). In
baseline, which was not significantly different from con- CN98 wild-type mice, the E±S curve was shifted to the
trols treated with the vehicle DMSO only (Figure 3B). left 30 min after tetanus, and the E50 was reduced from
the baseline value to 0.44 6 0.4 (mean 6 SEM, n 5 7The bath application of 1 mM calyculin A, a more potent
animals, p , 0.01, compared to the baseline). In con-inhibitor of PP1/2A (Cohen, 1989), also failed to affect
trast, this stimulation caused no change of the E±S curvethe E±S coupling component LTP (Figure 3C).
in CN98 mutant mice: the E50 value 30 min after tetanus
was 0.41 6 0.05 (mean 6 SEM, n 5 8 animals, p . 0.1,
Tetanic Stimulation Enhances Calcineurin Activity compared to the baseline). Thus, increased calcineurin
If calcineurin is involved in the E±S coupling component activity caused an increase in neuronal excitability that
of LTP, then one might expect its activity to be regulated occluded the E±S coupling component of LTP.
by tetanic stimulation. We measured enzymatic dephos- Because a strong tetanus caused a great increase in
phorylation by homogenates from the hippocampal CA1 the enzymatic activity of calcineurin, we also measured
area. The inorganic phosphate (Pi) released from the the E±S curve following strong tetanic stimulation (100
labeled substrate, by CA1 homogenates from the slices Hz) in CN98 transgenic mice. The E50 values 30 min after
that had received 50 Hz or 100 Hz tetanic stimulation, that tetanus were 0.34 6 0.03 (mean 6 SEM, n 5 15
was enhanced to 1.57 6 0.8 (mean 6 SEM, n 5 4) and animals) in wild-type and 0.32 6 0.04 (mean 6 SEM,
2.08 6 1.6 (mean 6 SEM, n 5 4) of the control, respec- n 5 11 animals) in mutant mice, respectively (Figures
tively (Figure 4A). In addition, in the presence of NMDA 4B and 4C). In addition, the average normalized fEPSP
receptor antagonist AP5 (50 mM), the tetanus caused slope, 30 min after tetanus in wild-type controls, was
no change of the activity of calcineurin (Figure 4A). Thus, not significantly different from that in mutants. These
the same stimulation that was used to induce the E±S data suggest that the enzymatic activity of calcineurin
coupling component of LTP caused an increase in the is directly associated with the magnitude of the E±S
coupling component of LTP.phosphatase activity of calcineurin.
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measure the values of normalized GABAA receptor±
mediated inhibitory postsynaptic currents (IPSCs) in
CN98 mutant mice. In these mice, IPSCs were reduced
at all levels of holding potentials (Figure 5A). This reduc-
tion in the IPSC was not due to a change in its reversal
potential. The reversal potential (274 mV) was the same
in CN98 mutant and wild-type mice.
Second, we analyzed the early IPSP amplitude from
intracellularly recorded EPSP/IPSP sequences in con-
trols from Figures 1 and 3A and Table 1. The IPSP ampli-
tude was significantly reduced following tetanic stimula-
tion in 36 of 42 cells. The average normalized amplitude
of IPSPs 20 min after tetanic stimulation was 0.58 6 0.6
of the baseline (mean 6 SEM, n 5 42; Figure 3A and
Table 1). The reduction of IPSP amplitude was directly
correlated with an increase in the probability of cell firing
in those 36 cells. The remaining 6 neurons, with no
change of the early IPSP amplitude following tetanic
stimulation, showed no increase in cell firing. The reduc-
tion of early IPSP amplitude, following tetanus, was ab-
sent in FK506 (1.01 6 0.21 of the baseline, n 5 10; Figure
1C and Table 1). Intracellular application of CN412 (200
mM) into the postsynaptic neurons also prevented the
reduction of early IPSP (0.98 6 0.12 of the baseline,
mean 6 SEM, n 5 11; Figure 3A) and decreased the cell
firing probability to 0.96 6 0.14 of the baseline (mean 6
SEM, n 5 11).
Third, we studied the effects of the tetanus on the
pharmacologically isolated IPSPs in the presence of
AMPA receptor antagonist CNQX (10 mM). Under these
conditions, a tetanic stimulation resulted in a significant
long-term depression of the IPSPs in controls. The nor-
malized amplitude of early IPSP 30 min after tetanus
was 66.5 6 8.6 of the baseline (mean 6 SEM, n 5 7;
Figure 5B), and this depression in IPSP persisted for 60
Figure 3. Blocking Postsynaptic Calcineurin Prevented E±S Cou- min, the longest observation period we used. In the
pling, but Blocking Phosphatase 1/2A Had No Effect on Population presence of 50 mM D-AP5, however, the averaged ampli-
Spike LTP
tude of early IPSP was unchanged 30 min after tetanus
(A) Blocking calcineurin with CN412 prevented E±S coupling. The
(Figure 5B). To determine whether calcineurin is neces-inserts are the averages of three sweeps of spike-free EPSP/IPSP
sary for this NMDA receptor±dependent LTD of IPSP,sequences before (0) and after (1) tetanus for the experiments with
200 mM CN412 was applied directly into the neuronscontrol or with CN412. Averaged normalized IPSP amplitude and
by intracellular perfusion. During application of CN412,firing probability before (open bars) and 30 min after (closed bars)
tetanus with control or with CN412 are shown in the histograms. tetanic stimulation caused short-term but not long-last-
(B) Each point in the time courses represents the mean amplitude ing depression of the pharmacologically isolated IPSP:
of the population spike 6 SEM normalized to the baseline value in the amplitude of the IPSP was 98.4 6 8.7 at 30 min post
the experiments with 1 mM okadaic acid (open circles; n 5 5) or
tetanus (mean 6 SEM; Figure 5C). A peptide with thewithout okadaic acid (closed circles; n 5 5).
same amino acid composition, but in random order(C) Each point in the time courses represents the mean amplitude
(CN412), served as a control and did not prevent induc-of population spike 6 SEM normalized to the baseline value in the
experiments with 1 mM calyculin A (open circles; n 5 5) or without tion of IPSP LTD. Bath application of 100 mM FK506
calyculin A (closed circles; n 5 5). also prevented the tetanus-induced depression: the
The horizontal bars above the graphs indicate the periods of drug IPSP amplitude was 102 6 9.2 (mean 6 SEM) of baseline
administration. Arrows show the time for delivering tetanus. by 30 min after tetanus (Figure 5C). Thus, tetanic stimula-
tion produced NMDA receptor±dependent LTD of the
IPSP, which required the activation of endogenous cal-
Calcineurin Leads to LTD of the IPSP cineurin.
by Downregulating the Response Finally, if the loss of inhibition participates in the E±S
of GABAA Receptors coupling component of LTP, then GABAA receptor
To determine if the E±S coupling component of LTP blockade should also produce E±S potentiation, which
could result from compromised GABAergic inhibitory should mutually occlude E±S potentiation induced by
function (Bliss and Gardner-Medwin, 1973; Yamamoto tetanus. This was investigated by applying 10 mM bicu-
and Chujo, 1978; Haas and Rose, 1982; Griffith et al., culline, and when the E±S curve had been shifted maxi-
1986; Abraham et al., 1987; Chavez-Noriega et al., 1989), mally to the left tetanic stimulation was delivered (Figure
we carried out four independent tests. 6A). This stimulation produced no further change of the
E±S curve. In other experiments, tetanus produced aFirst, we constructed the current±voltage curves to
Calcineurin Mediates E±S Coupling
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Figure 4. Tetanic Stimulation Increased Cal-
cineurin Activity and Increased Activity of
Calcineurin Caused E±S Coupling Compo-
nent of LTP
(A) Dephosphorylation of Pi-labeled PKA-RII
substrate peptide (19-mer) caused by the
CA1 area supernatants from control slices
(n 5 3) or 1 min after weak tetanus (n 5 4),
strong tetanus (n 5 4), or strong tetanus in
the presence of 50 mM AP5 (n 5 4).
(B and C) The plot of the E±S curves from the
representative recordings in CN98 wild-type
controls (B) and CN98 mutant mice (C) before
(closed circles) and 30 min after weak tetanus
(open circles) or strong tetanus (triangles).
The averages of the E50 value from wild-type
(B) and mutant mice (C) are shown in the right
histograms.
decrease in E50 (0.26 6 0.05, mean 6 SEM, n 5 5), but response to tetanic stimulation but failed to block the
long-lasting increase in the probability of neuronal firing,there was no further reduction when bicuculline was
applied (Figure 6B). Thus, the bicuculline-induced E±S which was accompanied by the reduction of IPSP (Table
1). The data indicated that the two components arepotentiation and tetanus-induced E±S coupling compo-
nent of LTP mutually occluded one another. independent and that an increased EPSP does not ac-
count for the E±S coupling component of LTP.
The Activation of Calcineurin, which Underlies LTD
of Inhibition, is Mediated via the NMDA Receptor
The induction of the synaptic component of LTP requires Discussion
the activation of the NMDA receptors at CA1 synapses
(Bliss and Collingridge, 1993; Nicoll and Malenka, 1995). The E±S Coupling Component Reflects a Novel
Synaptic Mechanism: LTD of GABAergicWe find that the NMDA receptor is also required for LTD
of the IPSP. Blocking NMDA receptors also prevented Inhibition Mediated by Calcineurin
Our analysis of the molecular mechanisms contributingan increased activity of calcineurin (Figure 4A). There-
fore, we investigated the effects of NMDA receptor an- to E±S coupling has revealed a novel synaptic mecha-
nism: LTD of GABAAergic inhibition mediated by thetagonists on the E±S coupling component of LTP and
found that blockade of NMDA receptor channels (with 50 NMDA receptor and by the Ca21-sensitive phosphatase,
calcineurin.mM D-AP5) prevented both the E±S coupling component
and the synaptic component of LTP (Table 1). Models of biochemical events underlying the induc-
tion of the synaptic component of LTP in hippocampalFinally, to determine if the two components of LTPÐ
the enhancement of the EPSP and the increased excit- CA1 neurons have focused on the signaling cascades
initiated by Ca21 influx through NMDA receptors (Ma-ability (decreased IPSP)Ðcould be dissociated, we
made use of the tyrosine kinase blocker genistein, which lenka et al., 1988, 1992; Wyllie and Nicoll, 1994). It has
long been known, however, that the NMDA receptor isis known to prevent the induction of the synaptic compo-
nent of LTP (O'Dell et al., 1991). Application of 100 mM also important for the activation of calcineurin, which is
recruited with low-frequency stimulation (1 Hz for 15genistein blocked the synaptic component of LTP in
Neuron
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Figure 5. Calcineurin Mediates NMDA-
Dependent Long-Lasting Depression (LTD) of
IPSPs following Tetanic Stimulation
(A) Reduced GABAA receptor±mediated
IPSCs in CN98 mutant mice. Traces are the
averages of three EPSC/IPSC sequences
evoked at membrane potentials from 285 to
265 mV, in 5 mV increments from the CA1
pyramidal neurons in CN98 wild-type controls
(left) and CN98 mutant mice (right). The nor-
malized IPSCs for the experiments in CN98
mutants (closed circles; n 5 4 animals) and
in CN98 wild-type mice (open circles; n 5 3
animals) are presented in I±V curves.
(B) Tetanic stimulation caused NMDA recep-
tor±dependent long-lasting depression of
IPSPs. Each point in the graph represents
the averaged amplitude (mean 6 SEM) of the
pharmacologically isolated IPSP in the pres-
ence of 10 mM CNQX in the experiments with
control (closed circles; n 5 7) or with bath
application of 50 mM D-AP5 (open circles;
n 5 7). In this and the following graph, IPSP
amplitude is normalized to the 10 min base-
line (defined as 100%). The horizontal bar
above the graph indicates the period of drug
application. Superimposed traces are the av-
erages of three consecutive recordings be-
fore (0) and 30 min after (1) tetanus (arrow)
and after bicuculline (2). A tetanus was pre-
sented at a holding potential of 120 mV.
(C) Blocking calcineurin prevented long-last-
ing depression of early IPSPs. Each point in
the graph represents the averaged amplitude
(mean 6 SEM) of the pharmacologically iso-
lated IPSP in the presence of 10 mM CNQX
in the experiments with intracellular applica-
tion of 200 mM sCN412 (scrambled control,
closed circles; n 5 8) or 200 mM CN412 (open
circles; n 5 9) or with bath application of 100
mM FK506 (triangles, n 5 8).
min) for LTD of the EPSP. We have shown that cal- The E±S Coupling Component of LTP Is Distinct
from the Synaptic Componentcineurin is also recruited by the high-frequency tetanus
that produces LTP, and this recruitment of calcineurin Consistent with previous reports (Abraham et al., 1987;
Kairiss et al., 1987; Chavez-Noriega et al., 1989), we findleads to LTD of GABAAergic inhibition. This LTD is both
necessary and sufficient for the induction of the E±S that the induction of the E±S coupling component of
LTP results from a downregulation of GABAA receptorscoupling component of LTP (for earlier studies of NMDA,
see Stelzer et al., 1987; Jeste et al., 1995). (Abraham et al., 1987; Chen and Wong, 1995; Jones
and Westbrook, 1997). In the attempt to delineate theThe most parsimonious explanation for these findings
is that activation of the NMDA receptor channels results molecular mechanism for this downregulation, we have
found that blockade of calcineurin blocked downregula-in increased Ca21 entry, which activates calcineurin and
leads directly or indirectly to dephosphorylation and a tion and in so doing prevented the induction of the E±S
coupling component of LTP. Conversely, a geneticallylong-term desensitization of the GABAergic receptor.
Reduced GABAergic inhibition could enhance excitabil- increased enzymatic activity of calcineurin caused a
reduction of GABAergic function and produced an en-ity and induce a new spike trigger zone (Richter et al.,
1974), either of which may contribute to our observed hanced excitability that occluded the E±S coupling
component of LTP. The postsynaptic blockade of calci-increase in the E±S component of LTP. Thus, our data
suggest that from a molecular perspective the Ca21 in- neurin prevented the LTD of GABAA receptor±mediated
IPSP and did not lead to an increase in the firing proba-flux through the NMDA receptor following a tetanus to
the Schaffer collateral activates two independent and bility following tetanus. In addition, a GABAA receptor
antagonist produced a large leftward shift in the E±Scoordinated synaptic changes: an enhancement of syn-
aptic excitation (LTP) mediated by the Ca21/calmodulin- curve, such that the subsequent tetanus caused no fur-
ther change. Therefore, tetanus-induced E±S couplingdependent kinase, and a concomitant depression of
synaptic inhibition (LTD) mediated by calcineurin. As a and bicuculline-induced E±S potentiation mutually oc-
cluded. Thus, calcineurin fulfills a necessary and suffi-corollary, our findings suggest that LTD of inhibition and
LTD of excitation appear to recruit a common molecular cient role.
In addition to elucidating a molecular mechanism un-signaling system: a Ca21-dependent activation by cal-
cineurin of a protein phosphatase cascade. derlying the induction of the E±S coupling component
Calcineurin Mediates E±S Coupling
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voltage threshold for firing (Chavez-Noriega et al., 1990;
Tomasulo et al., 1991). However, our results showed
that increased probability of cell firing after tetanic stim-
ulation was associated with no alterations in the proper-
ties of the resting membrane potentials and the action
potential (data not shown). Consistent with previous re-
ports, the action potentials were triggered at almost the
same membrane potential level before and after tetanic
stimulation (Andersen et al., 1980; Barrionuevo and
Brown, 1983). There are two possible explanations for
these conflicting observations. First, the densities and
the voltage sensitivities of the voltage-gated Na1 chan-
nels differ between cell soma and synaptic dendrites
(Catterall, 1981; Moore and Westerfield, 1983). There-
fore, the voltage threshold for firing measured in the
soma does not reflect the actual threshold at distant
synaptic loci. Second, a decreased threshold for neu-
ronal firing can occur through the attenuation of feedfor-
ward inhibition (Andersen et al., 1987) as well as by the
reduction of GABAA receptor±mediated tonic inhibitory
currents (Alger and Nicoll, 1980). The experiments of
Chavez-Noriega et al. (1990) were performed in the ab-
sence of GABAA receptor blockers; therefore, a reduced
threshold after tetanic stimulation could have resulted
from the reduction in tonic inhibition via GABAA receptor
channels.
Experimental Procedures
Electrophysiology
Hippocampal slices (400 mm) from 30- to 36-day-old Sprague Daw-
ley rats for Figures 1, 2, 3, and 6 and from 30- to 49-day-old CN98
transgenic mice for Figures 4 and 5 were prepared as described in
detail previously (Lu et al., 1997, 1998). The experimenter (Y. M. L.)Figure 6. Tetanic Stimulation and Bicuculline Occlude in E±S Cou-
was blind to the genotype. The slice in the recording chamber waspling
continuously superfused with ACSF (2 ml/min) that had been satu-(A) Representatives of E±S curve before (closed circles), 10 min after
rated with 95% O2/5% CO2 at 308C 6 18C. The composition of ACSFstart application of bicuculline (open circles), and 10 min after the
(in mM) was 124 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, 26subsequent tetanus (closed triangles). The averaged E50 values are
NaHCO3, and 10 dextrose. For current clamp experiments, the patchshown in the right histogram. The traces are the averages of three
pipette (3±5 MV) solution contained (in mM) 132.5 K-gluconate, 10.3responses taken before (x), 10 min after start application of bicucul-
KMeSO4, 7.2 KCl, 10 HEPES, 0.2 EGTA, 2 Mg-ATP, and 0.3 GTP (pHline (y), and 10 min after subsequent tetanus (z). The subsequent
7.4, 296 mOsm). For voltage clamp experiments, the patch pipettetetanic stimulation was applied 20 min after bicuculline. Arrows
solution contained (in mM) 142.5 Cs-gluconate, 7.5 CsCl, 10 HEPES,above the traces show the multiple spikes induced by bicuculline.
0.2 EGTA, 2 Mg-ATP, 0.3 guanosine triphosphate, and 5 QX-314(B) Representatives of E±S curve before (closed circles), 10 min
(pH 7.4, 296 mOsm). Raw data were amplified with Axopatch-1Dafter tetanus (closed triangles), and 10 min after subsequent applica-
amplifiers (Axon Instruments, Foster City, CA). Currents were filteredtion of bicuculline (open circles). The averaged E50 values are shown
at 2k Hz with a low-pass filter. Data were digitized at a frequencyin the right histogram. The traces are the averages of three re-
of 10 kHz and stored online using the pclamp6 system.sponses taken before (x), 10 min after tetanus (y), and 10 min after the
The EPSC/IPSC sequences were monitored with voltage clampsubsequent application of bicuculline (z). Bicuculline was applied 20
recordings. The EPSC rise times (10%±90%) were 0.8±2.3 ms. Themin after tetanus.
IPSC was pharmacologically isolated by bath applying 10 mM bicu-
culline. The averaged amplitudes of EPSCs at 270 mV in CN98
mutant and wild-type mice were 164 6 12 pA (mean 6 SEM) and
of LTP, our data also provide compelling independent 168 6 13 pA (mean 6 SEM), respectively. Therefore, IPSC ampli-
tudes at all holding potentials were then normalized to EPSC ampli-evidence that the E±S coupling component is a plastic
tude at 270 mV in each group.process that is distinct from the synaptic component.
The EPSP/IPSP sequences were recorded with the current clampHowever, our data, as well as earlier studies, show that
approach. The EPSP slope, which is mediated by AMPA receptors,the change in excitability, which is reflected in E±S cou-
was calculated as the slope of the rising phase at 10%±65% of the
pling, is in turn secondary to changes in inhibitory synap- peak response. The pharmacologically isolated IPSP was recorded
tic transmission and specifically secondary to changes in the presence of 10 mM CNQX. The early IPSP was then blocked
by bath applying 10 mM bicuculline at the end of each experiment.in GABAergic inhibitory synaptic actions.
The amplitude of the IPSP was calculated at the 50 ms point fromTetanic stimulation may activate several intrinsic
the start of stimulus artifacts, and the amplitude was expressed asmembrane ionic channels that strongly influence post-
the difference before and after bicuculline. Therefore, the measuredsynaptic membrane properties (Hu et al., 1992; Turner
IPSP at this point was independent of the changes of the EPSP.
et al., 1993). The leftward shifts observed in the E±S All-or-none action potentials sometimes fired from the peak of the
curve in CA1 neurons suggest that the E±S component EPSP/IPSP envelope. The ratio of spike-containing EPSP/IPSP se-
quences to the total number of sampled EPSP/IPSP sequences perof LTP is associated with a decrease in the apparent
Neuron
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20 min recording period was calculated as the probability of neu- sequence is from cAMP-dependent protein kinase (PKA) regulatory
subunit type II (RII). The protein concentration was calculated usingronal firings. The firing probability at the baseline was 0.039% 6
0.09% in controls. The input resistance and series resistance were the bicinchroninic acid protein assay kit (Sigma).
monitored using current test pulses (0.2 nA, 200 ms) at 5 min inter-
vals throughout the period of the experiment. Series resistance Acknowledgments
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